Introduction
============

Intercellular adhesion molecule-1 (ICAM-1) is a member of the immunoglobulin supergene family and is a cell surface ligand for lymphocyte function-associated antigen-1 (LFA-1). ICAM-1 is mainly expressed on the surface of endothelial cells. It is also expressed on activated lymphocytes in inflamed regions; however, the expression in peripheral blood lymphocytes is normally very low. The level of ICAM-1 is upregulated in the presence of various stimuli (e.g., inflammatory mediators, oxidative stress, and viral infection) ([@B01]). The interaction of ICAM-1 with LFA-1 plays an important role in leukocyte adhesion and in the performance of immunological and inflammatory functions mediated by leukocyte adhesion ([@B02]). Increased ICAM-1 levels result in the transmigration of neutrophils during the initial phase of inflammation. Inhibition of this process could decrease the inflammatory response and tissue damage ([@B03]). Many diseases are associated with overexpressed ICAM-1, such as acute pancreatitis ([@B04]), inflammatory bowel disease and colonic neoplasms ([@B05]), inflammation associated with organ transplantation ([@B06]-[@B08]), angiocardiopathy ([@B09],[@B10]), ischemia-reperfusion injury ([@B11]), and cancer ([@B12]-[@B14]). These reports suggested that the anti-ICAM-1 strategy has a potential application in the treatment of ICAM-1-mediated immunological and inflammatory diseases.

A monoclonal antibody (mAb) with biological activity against human ICAM-1 was prepared in our laboratory by immunizing BALB/c mice with recombinant human ICAM-1. The secreted mAb was purified by caprylic acid-ammonium sulfate precipitation and affinity chromatography. Its subclass and titer were determined by indirect enzyme-linked immunosorbent assay (ELISA), specificity by Western blot, and neutralizing activity by cell adhesion tests.

The single-chain variable antibody fragment (scFv) strategy has become one of the most popular methods in antibody engineering because of its lower level of immunogenicity, and its small molecular size endows scFv with better tissue penetration ([@B15]). Thus, scFv has a wide range of applications in diagnosis and therapy. It is possible for anti-ICAM-1 scFv to block the biological activity of ICAM-1, and it may be effective in preventing the progression of the above-mentioned diseases. Large-scale production of anti-ICAM-1 scFv protein is required for carrying out further research and application.

In this study, we expressed anti-ICAM-1 scFv at a high level in the form of inclusion bodies in *Escherichia coli*. We successfully refolded the denatured scFv using ion exchange chromatography (IEC). This study paves the way for preparing large quantities of anti-ICAM-1 scFv for application against diseases associated with inflammation.

Material and Methods
====================

Material
--------

The following reagents were used in this study: isopropyl-β-D-thiogalactoside (IPTG; Merck, Germany); horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (KeyGen Biotech, China); reduced glutathione (GSH), oxidized glutathione (GSSG), lipopolysaccharide (LPS), and bovine serum albumin (BSA; Sigma, USA); Ficoll-Paque (Amersham Biosciences, China); recombinant human ICAM-1 and rat ICAM-1 (R&D, USA); XK16/20 Q Sepharose high performance (Q HP; 17-1064-01; Pharmacia Biotech, USA); ÄKTA prime protein purification system (18-1137-18; Amersham Biosciences, Sweden); fermenter (10L, East China University Science and Technology); and anti-ICAM-1 mAb (prepared in our laboratory) ([@B16]). A human umbilical vein endothelial cell line (ECV-304) and Kunming mice (weight ∼18-22 g) were purchased from Maisha Biotechnology Limited Company (China) and Changchun Institute of Biological Products (China), respectively.

All the other chemicals used were of analytical grade. Anti-scFv rabbit polyclonal antibodies (antisera) were obtained following hypodermic injection of rabbits with the purified protein from inclusion bodies.

The animal experiments were conducted under applicable laws and guidelines and after approval by the Animal Care and Use Committee of Jilin University.

Plasmids and strains
--------------------

The pET22b plasmid and host *E. coli* BL-21(DE3) were obtained from Novagen (Germany). The expression plasmid pET22b-(ICAM-1)scFv was constructed in our laboratory ([@B17]).

Expression of anti-ICAM-1 scFv
------------------------------

Bacterial cells with the expression plasmid pET22b-(ICAM-1)scFv were grown overnight in 5 mL Luria-Bertani broth (LB) with 50 mg/L ampicillin at 37°C. The overnight culture was transferred into 1 L LB with 50 mg/L ampicillin and grown at 37°C. Expression was induced by adding IPTG to a final concentration of 0.8 mM when the culture was grown to absorbance~600~ of ∼0.6-0.8. The mixture was further incubated for another 4 h. Cells were harvested by centrifugation at 3000 *g* for 20 min at 4°C.

The fermentation procedure for the large-scale scFv production in a bioreactor was as follows. The prepared strain was added to the fermentation medium, pH ∼7.0-7.3, with 400 rpm rotation and aeration rate 20 L/min; meanwhile, the dissolved oxygen was controlled at levels of ∼20-30%. Production of scFv was then induced by addition of 0.8 mM IPTG, and the culture was allowed to incubate at 37°C for 4 h.

Preparation of samples
----------------------

ScFv was expressed as described earlier. After extraction from *E. coli* cells using a combination of lysozyme and sonication, the inclusion bodies were washed three times with 100 mL 0.5% Triton X-100 (v/v) and 2 M urea for 30 min each time. Two grams of the pellet were suspended in 10 mL of denaturing buffer (50 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, 8 M urea, and 10 mM dithiothreitol, pH 8.0) and kept at room temperature for 2-4 h to dissolve the inclusion bodies. Residual insoluble matter was removed by centrifuging at 4000 *g* for 30 min. The supernatant was filtered through a 0.22 μm filter (Millipore, USA) before chromatography.

Refolding of scFv
-----------------

### Refolding by dilution

Seven milliliters of solubilized inclusion bodies with a concentration of 7 mg/mL were slowly dropped into the refolding buffer (30 mM Tris-HCl, 1 mM EDTA, 1 mM GSH, 0.2 mM GSSG, pH 8.0) and adjusted to a protein concentration of 100 μg/mL. The solution was stirred for 2 h at room temperature, followed by incubation at 4°C for more than 48 h ([@B18]).

Purification by IEC
-------------------

A volume of 500 mL diluted supernatant was applied to a 10 mL IEC column (Q HP), which was pre-equilibrated with Buffer B (30 mM Tris-HCl, 1 mM EDTA, pH 8.0). The ÄKTA Prime Protein Purification System was used, with the column eluted with a 50 mL linear gradient of Buffer B to Buffer B containing 0.5 M NaCl. The final protein concentration was determined with the Bradford assay.

### Refolding by urea gradient dialysis

A 100 mL volume of solubilized denatured scFv (0.5 mg/mL) was loaded into a dialysis bag with a membrane molecular weight cutoff of 10,000 Da and dialyzed against 50 times volume of refolding buffer (30 mM Tris-HCl, 1 mM EDTA, 1 mM GSH, 0.2 mM GSSG, 6 M urea, pH 8.0) at 4°C for 24 h. Denaturant was slowly removed by a series of equilibrations with buffers of decreasing urea. The urea concentration was reduced as follows: 6 → 4 → 2 → 1 → 0.5 → 0 M ([@B19]). After centrifugation, the supernatant was applied to a Q HP column for further purification, as described above.

### Refolding by IEC

An IEC system was used with a XK16/20 column containing 10 mL of Q HP of the ÄKTA Prime Protein Purification System. The column was equilibrated with denaturing buffer (30 mM Tris-HCl, pH 8.0, with 6 M urea, 1 mM EDTA, 1 mM GSH, and 0.2 mM GSSG). Following equilibration, the urea concentration of the solubilized inclusion bodies (7 mL; 7 mg/mL) was adjusted to 6 M urea and the samples were loaded at 0.5 mL/min. After sample loading, the refolding procedure was performed with a linear gradient of 25 column volumes by decreasing urea concentration from 6 M urea to without urea, maintaining a flow rate at 0.5 mL/min. Protein was gradually refolded within the column. Following the refolding process, another buffer (30 mM Tris-HCl, pH 8.0, 1 mM EDTA) was used to elute the column. A linear gradient from 0 to 0.5 M NaCl was utilized with a gradient length of six column volumes. Eluate fractions were collected and analyzed by polyacrylamide gel electrophoresis (SDS-PAGE) at 4°C. IEC refolding with buffers at different pH values (7.0, 7.5, 8.0, 8.5) was performed to determine the effect of pH. All experiments were repeated three times.

Protein determination
---------------------

Relative protein concentration of denatured and purified scFv was determined using the Bradford assay with BSA as standard protein. Refolding yield was calculated as the percentage of soluble protein after refolding *vs* total protein of inclusion bodies before refolding.

Indirect cellular ELISA for antigen-binding activity of anti-ICAM-1 scFv
------------------------------------------------------------------------

Antigen-binding activity of refolded scFv was detected and identified routinely by noncompetitive ELISA. Cultured ECV-304 cells were seeded overnight on 96-well culture plates at 10^5^ cells/well. Cells were fixed in 10% formalin-PBS, pH 7.4, for 15 min at room temperature, washed three times with 1% BSA-PBS, and blocked by 3% BSA-PBS for 2 h at 37°C. After it was washed, refolded scFv was serially diluted and added to the plate. The control well was prepared without scFv, and the plate was incubated for 1 h at 37°C. The secondary antibody (rabbit anti-scFv IgG, made in our laboratory) and HRP-conjugated goat anti-rabbit IgG were added in turn and incubated for 1 h at 37°C. Finally, tetramethylbenzidine was used as color developer, and absorbance was measured at 450 nm ([@B20]).

The binding of purified scFv to rat ICAM-1 was also determined by indirect ELISA. For this, 96-well plates were coated with 1 μg/mL rat ICAM-1, and the following steps were performed as previously mentioned.

Cell adhesion assay for peripheral mononuclear cells (MCs) to ECV-304
---------------------------------------------------------------------

ECV-304 cells grown in monolayers on 96-well culture plates were treated with LPS (100 ng/mL) for 24 h at 37°C ([@B21]), then either anti-ICAM-1 mAb (5 μg/well) or purified scFv (5 μg/well) was added or they were left untreated (PBS control), and the 96-well plate was cultured for 0.5 h. Human MCs were isolated from healthy human peripheral blood using Ficoll-Paque according to the manufacturer\'s instructions. MCs were adjusted to a concentration of 10^6^/mL with RPMI 1640 and added to the monolayers of MCs in a final volume of 100 μL. After a 0.5 h co-culture in a CO~2~ incubator, the population of nonadherent cells was removed from the plate and counted manually under the microscope at 20× magnification ([@B22]). The percentage inhibition was calculated as follows: 100×\[1−(the cell population of nonadhesion)/(total cellular score)\].

Inhibitory effect on the swelling of mouse auricle that was induced by dimethyl benzene
---------------------------------------------------------------------------------------

Kunming mice weighing ∼18-22 g (female and male) were randomly divided into five experimental groups: group 1 (2 mg/kg scFv, intraperitoneally (*ip*)), group 2 (2 mg/kg scFv, *iv*), group 3 (2 mg/kg mAb, *iv*), hexadecadrol group (2 mg/kg hexadecadrol, *ip*), and a control group (0.9% saline). Dimethyl benzene was dropped onto the left ear concha in all animals 1 h after injection. After another 2 h, the mice were killed, and both ears were removed with scissors. The ear pieces were obtained with a punch at the same location and weighed. The percentage inhibition of engorgement was calculated as follows: 100×\[(average tumescence of control group−average tumescence of experimental group)/average tumescence of control group\].

Results
=======

Expression of scFv
------------------

The constructed expression vector was transferred into BL21(DE3) and induced with IPTG at 37°C. A 30 kDa protein was strongly expressed after 4 h incubation with 0.8 mM IPTG. It was found that scFv was expressed as insoluble inclusion bodies. The wet weight of the cells was about 5 g in 1 L *E. coli* flask culture. After large-scale production of anti-ICAM-1 scFv in the fermenter, the overall yield of the harvested cells (wet weight) was about 10 g/L.

Preparation of the samples
--------------------------

Isolation is the first step for recovery of active protein from *E. coli*, which involves breaking the cells to release the cell contents, including inclusion bodies. Lysis is more efficient if the cells are pretreated with lysozyme, which weakens the cell walls. Therefore, in our experiments, the cells were treated with lysozyme before sonication. Washing can remove nontarget proteins and may also remove proteases that could degrade the expressed product. In this study, we washed the inclusion bodies three times with buffer containing 0.5% Triton X-100 buffer and 2 M urea. Finally, 346 mg of inclusion body protein per liter of culture were obtained using a fermenter, and the purity of inclusion bodies was up to 70%, as determined by SDS-PAGE ([Figure 1A](#f01){ref-type="fig"}).

![*A*, Analysis of purified and refolded scFv on SDS-PAGE. *Lane 1*, scFv refolding by Q Sepharose HP; *Lane 2*, solubilized inclusion bodies. M: protein molecular weight markers. *B*, Chromatographic elution profile of refolding scFv by Q Sepharose HP column. Protein peaks were observed at 280 nm. Process 1: refolding procedure; Process 2: gradient elution. The arrow indicates flow through protein and interest protein.](1414-431X-bjmbr-47-07-00540-gf001){#f01}

Refolding of scFv
-----------------

For comparison of the methods, both dilution and dialysis were carried out. During the two processes, a slight protein aggregation was found. Perhaps due to the prolonged experimental time, the activities of scFv proteins refolded by dilution and dialysis were lower than that of proteins refolded by IEC. Comparing the renatured scFv using three refolding methods ([Table 1](#t01){ref-type="table"}), and considering purity, activity, time required, as well as consumption of reagents, the column chromatography method for refolding was found to be the most suitable for large-scale production. After refolding by IEC, we obtained a single protein peak during the elution procedure, and collected approximately 20 mL of the protein ([Figure 1B](#f01){ref-type="fig"}). The overall purification procedure is summarized in [Table 2](#t02){ref-type="table"}. The purity of product was about 90%, as shown by 12% SDS-PAGE ([Figure 1A](#f01){ref-type="fig"}).

Effect of pH on refolding by IEC
--------------------------------

Protein yield was significantly affected by pH. To study the influence of pH on refolding recovery, denatured scFv was loaded and eluted with buffers having various pH values (7.0, 7.5, 8.0, and 8.5). As shown in ([Figure 2](#f02){ref-type="fig"}), the pH 8.0 elution buffer led to a significantly increased yield of functional anti-ICAM-1 scFv (17%). It is suggested that this condition is suitable for native disulfide bond formation, so pH 8.0 was used throughout the experiment.

![Effect of pH on refolding yield. Refolding was performed at different pHs, 7.0, 7.5, 8.0, 8.5, to measure pH dependence of refolding. Data indicated that the optimal pH for refolding of scFv may be 8.0.](1414-431X-bjmbr-47-07-00540-gf002){#f02}

Activity of refolded scFv
-------------------------

ELISA results demonstrated that refolded anti-ICAM-1 scFv was able to bind specifically to human ICAM-1-expressing cells in a dose-dependent manner. Specifically, when gradually increasing the concentrations of refolded scFv, the extent of ICAM-1 and scFv binding increased ([Figure 3](#f03){ref-type="fig"}). Meanwhile, indirect ELISA showed the specific antigen-binding activity of refolded scFv to rat ICAM-1.

![Antigen-binding activity of refolded anti-ICAM-1 scFv. Specific antigen-binding activity was determined by indirect cellular ELISA. The 96-well culture plate was coated by EC-304 cells and 2-fold serially diluted, purified scFv was added to the wells. As can be seen, when gradually increasing the concentrations of refolded scFv, absorbance values increased.](1414-431X-bjmbr-47-07-00540-gf003){#f03}

Cell adhesion assay for peripheral MCs to ECV-304
-------------------------------------------------

Statistical analysis was carried out using SPSS 13.0 (USA) and statistical significance was set at P\<0.05. It can be seen from the data that the adhesion of MCs to LPS-stimulated ECV-304 monolayers was largely inhibited at 30 min in the presence of a neutralizing ICAM-1 mAb and scFv compared with the untreated condition (with PBS). As a result, the ratios for adhesion in the presence of mAb and refolded scFv were 31 and 36% (data not shown), respectively, which was significantly different compared to the control (42%; P\<0.05). Although both mAb and scFv could inhibit the adhesion of MCs to ECV-304, scFv was less effective than the mAb (P\>0.05).

Analysis of the inflammation depressant effect
----------------------------------------------

Statistical analysis was carried out as described earlier. We found that injection of anti-ICAM-1 scFv or mAb reduced the severity of auricle swelling to different extents, but the depressant effect of scFv and mAb was a little weaker than that of hexadecadrol. As shown in [Table 3](#t03){ref-type="table"}, there was a statistically significant difference in the percent of inhibition between the experimental groups and the control group.

Discussion
==========

In previous studies, it has been shown that increasing ICAM-1 *in vivo* contributed to the pathogenesis of inflammation-related diseases. Many reports had suggested the protective effects of anti-ICAM-1 mAb, which could block the inflammation response *in vitro* or *in vivo*. Results in our laboratory also indicated that ICAM-1 and its receptors exhibit a high expression level in highly pathogenic avian influenza (H5N1) and viral pneumonia (HPAIV), and may play an important role in the pathogenesis ([@B23]). Moreover, we achieved excellent results in curing mice of avian influenza with the anti-ICAM-1 antibody. We applied for a patent in 2007 in which we named the anti-ICAM-1 antibody as a treatment for avian influenza. However, mAb molecules are large and have greater immunogenicity, so it may be advisable to use anti-ICAM-1 scFv in diagnostic and therapeutic applications. In our present study, active scFv against human ICAM-1, successfully prepared from the inclusion bodies by chromatography renaturation, had a significant effect on aseptic inflammation.

To obtain the active protein, refolding the expressed products from the inclusion bodies is the most important and fundamental procedure. If we can develop a refolding strategy *in vitro* at lower cost and with higher yield and activity, then less expensive, and easier to achieve, prokaryotic expression systems, namely, bacterial fermentation systems, may become feasible for the production of inclusion body proteins.

In the past, dilution and dialysis were convenient and traditional refolding strategies. At this time, there are many reports about these two methods being used for refolding many proteins. Most of them were laboratory preparations, not industrial scale production. These refolding techniques have some disadvantages, such as that the dialysis procedure requires large amounts of reagents, long treatment times ([@B24]), and can also cause the adhesion of protein to the membranes used ([@B25]). Occasionally protein aggregates formed ([@B26]). The disadvantages of the dilution method are the large processing volumes involved, higher costs, and the "step-change" in denaturant concentration to native conditions may result in aggregation ([@B27]). Moreover, the concentration of denatured protein during the two refolding processes has to be controlled at a low level to prevent aggregate formation, which restricted their application on a large-scale production.

In recent years, chromatographic methods have been developed for refolding of inclusion body proteins from *E. coli*. In many cases, these methods appeared to be more effective than traditional refolding strategies ([@B28]-[@B30]). IEC has the characteristics of simple operation, good biological compatibility, and high capacity. Furthermore, the medium can be reused, which decreases the cost of materials. In addition, the IEC method provides the concomitant purification of the target protein during the refolding process. Therefore, considered from all perspectives, the IEC process is the most suitable method for refolding of the engineered proteins.

In the case of proteins containing cysteine, the isolated inclusion bodies usually contain a certain amount of interchain disulfide bonds ([@B31]). There are two disulfide bonds in anti-ICAM-1 scFv. For disulfide-containing proteins, the refolding yields are strongly dependent upon the redox environment, which helps to form the proper disulfide bonds and to associate different domains ([@B32]). In our study, 1 mM GSH and 0.2 mM GSSG were included in the first gradient buffers during the refolding procedure. In the second gradient, we investigated the two conditions and found that introducing redox conditions to the buffer refolding system did not lead to a significantly increased yield of functional anti-ICAM-1 scFv (data not shown). Therefore, GSH-GSSG was not added in the second gradient. It may be that the first gradient helps to form the disulfide bonds. That stage is a critical refolding period for native disulfide bond formation, unlike the post-refolding stage.

Because of the lack of an Fc domain in the scFv structure, the refolded scFv did not bind with the HRP-conjugated secondary antibody. In the noncompetitive ELISA experiment, we prepared a secondary antibody (rabbit anti-mouse IgG antibody) that could bind to scFv.

In conclusion, a high production level of scFv in the *E. coli* expression system was successfully established, and an inexpensive, convenient refolding strategy for scFv recovery was also developed. We could obtain 60 mg of active scFv from 1 liter of cultivated *E. coli* cells by fermentation. Guo et al. ([@B33]) reported that the overall yield of IP10-scFv with bioactivity in *E. coli* flask culture was more than 40 mg/L. Yuasa et al. ([@B34]) reported that 3 liters of culture produced 217 mg of crude protein, yielding 44 mg of purified protein. However, for anti-intimin scFv, the protein yield was 1 mg protein per 100 mL of bacterial culture ([@B33]-[@B35]).

The established on-column refolding procedure for the efficient recovery of anti-ICAM-1 scFv from inclusion bodies has a practical significance for further research on other scFv or recombinant proteins. The advantages of this method include the biophysical and biochemical characteristics and the fact that purified scFv can markedly suppress the adhesion of MCs to LPS-stimulated ECV-304 monolayers. Moreover, in this mouse model of aseptic inflammation, scFv significantly inhibited the inflammatory swelling of auricles induced by dimethyl benzene.

The renaturation process was significant, and it is possible that IEC could be very useful in refolding inclusion body proteins on a large scale. However, refolding efficiency still needs to improve so as to extend its commercial application to other recombinant proteins.
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